Introduction
============

Parkinson's disease (PD) is the second most common neurodegenerative disease and is closely associated with mitochondrial dysfunction ([@bib11]). Mitochondria, particularly when dysfunctional, produce excessive reactive oxygen species (ROS; [@bib57]) and must be removed by quality control pathways. Two hereditary forms of early onset PD arise from mutations in PINK1 (PTEN-induced putative kinase 1), a Ser/Thr kinase, and Parkin, an E3 ubiquitin ligase. PINK1 and Parkin act sequentially in a pathway for selective autophagy of damaged mitochondria, also known as mitophagy ([@bib34], [@bib35]).

PINK1 functions as a sensor for mitochondrial damage; its precursor is constitutively imported to the inner membrane of healthy mitochondria, where it is proteolytically cleaved ([@bib20]) and eventually degraded by the proteasome ([@bib62]). Loss of mitochondrial membrane potential prevents the import of PINK1 and leads to its accumulation on the mitochondrial outer membrane, where PINK1 recruits Parkin from the cytosol. Parkin, in turn, activates the autophagic machinery to engulf damaged mitochondria. In addition to its involvement in mitophagy, Parkin plays a PINK1-independent, antiapoptotic role by limiting the translocation of proapoptotic Bax to the mitochondrial surface ([@bib23]) and increasing the threshold for cytochrome *c* release from mitochondria ([@bib5]), both under normal and stress conditions ([@bib24]).

The PINK1--Parkin pathway of mitophagy has been characterized mainly in immortalized and nonneuronal cell lines, whereas studies in primary neurons have produced contradictory results ([@bib45]; [@bib54]; [@bib9]; [@bib43]). Specifically, it remains controversial in neurons whether Parkin is recruited to depolarized mitochondria and whether endogenous Parkin is sufficient to trigger mitophagy. This ambiguity may arise from the use of potent chemical uncouplers, such as carbonyl cyanide 3-chlorophenylhydrazone (CCCP), to induce nonphysiological levels of mitochondrial damage ([@bib21]). Unlike many cell lines where the entire mitochondrial network can be cleared by mitophagy ([@bib34], [@bib35]; [@bib17]), neurons are strictly dependent on mitochondrial ATP production ([@bib1], [@bib2]). Neuronal studies of mitophagy may therefore require more physiological methods for induction of mitochondrial damage.

Neurons face unique challenges with respect to mitochondrial quality control. Most neuronal mitochondria reside in distal dendritic and axonal processes, far from the cell body where lysosomes are abundant ([@bib39]; [@bib13]). Despite several lines of evidence supporting the presence of mature and functional lysosomes in axons ([@bib28], [@bib30]), it is still debated whether efficient degradation of organelles can occur in distal processes ([@bib9]). Indeed, most studies have focused on mitochondrial quality control in the soma ([@bib45]; [@bib54]; [@bib9]; [@bib43]), and little is known about mitochondrial clearance from distal axons. Quality control of axonal mitochondria, however, is of particular interest because axonal degeneration precedes the loss of the soma in neurodegenerative diseases, such as PD ([@bib8]). Two studies have reported that depolarized mitochondria may be preferentially transported in retrograde direction toward the soma to be degraded ([@bib32]; [@bib9]). Others, however, did not find a correlation between mitochondrial membrane potential and the direction of motility ([@bib55]). Furthermore, it is not immediately clear that the PINK1--Parkin model of nonneuronal mitophagy would be applicable to distal axons because substantial rates of axonal transport or local synthesis of PINK1 would be necessary to sustain rapid turnover of PINK1 on healthy mitochondria.

We recently found that mitochondrial damage arrested motility through degradation of the mitochondrial motor adaptor protein Miro in a pathway mediated by PINK1 and Parkin ([@bib58]). This observation suggested that dysfunctional mitochondria would not move back to the soma and instead might undergo local mitophagy in distal axons to prevent further spread of oxidative damage. Here, we damage a small subset of axonal mitochondria in hippocampal axons to mimic physiological levels of mitochondrial dysfunction. We observe rapid and local recruitment of Parkin, LC3-positive autophagosomes, and LAMP1 (lysosomal-associated membrane protein 1)-positive lysosomes to damaged mitochondria. We show that endogenous PINK1 and Parkin are both required for axonal mitophagy, indicating that this pathway functions locally in distal neuronal axons.

Results
=======

Activation of mitochondrial KillerRed (mt-KR) affects mitochondrial morphology in axons
---------------------------------------------------------------------------------------

To study mitophagy in neurons, we set out to induce mitochondrial damage in a spatiotemporally controlled manner, while preserving the overall integrity of the mitochondrial network. To this end, mt-KR, a genetically encoded photosensitizer targeted to mitochondria, was used to selectively damage a subset of axonal mitochondria. Light-induced activation of mt-KR causes local ROS-mediated damage to mitochondria ([@bib7]; [@bib15]) and has been previously used to induce mitophagy in HeLa cells ([@bib63]; [@bib59]). We expressed mt-KR in rat hippocampal neurons and, with a 555-nm laser, irradiated a 10-µm section of an axon, which typically included three to four mitochondria, to activate and thereby photobleach mt-KR in those mitochondria, while sparing those in adjacent segments ([Fig. 1 A](#fig1){ref-type="fig"}). Mitochondrial damage results in stereotypical changes in mitochondrial morphology, such as swelling and fragmentation ([@bib29]; [@bib25]). To observe mitochondrial morphology after mt-KR photobleaching, we coexpressed mitochondrially targeted GFP (mt-GFP). Within 10 min of mt-KR activation, a fragmented or rounded morphology arose in 22% of the laser-illuminated mitochondria compared with 4% of the mitochondria outside the illuminated region (P \< 0.0001; [Fig. 1, B and C](#fig1){ref-type="fig"}). In contrast, irradiation of mitochondria expressing mitochondrially targeted DsRed (mt-DsRed) did not cause fragmentation or rounding ([Fig. S1 A](http://www.jcb.org/cgi/content/full/jcb.201401070/DC1){#supp1}). Activation of mt-KR also increased the fluorescence intensity of mt-GFP within those mitochondria ([Fig. 1 B](#fig1){ref-type="fig"}), possibly because of dequenching of the fluorophores in the swollen matrix of damaged mitochondria. Consistent with oxidative damage as the mechanism of mt-KR, we rarely detected changes in mitochondrial morphology when mt-KR was activated in Hibernate E medium, which contains antioxidants.

![**Activation of mt-KR in neuronal axons.** (A) mt-KR was expressed in hippocampal neurons and activated locally with a 555-nm laser. (B) Two axons expressing mt-KR and mt-GFP before and after irradiation and concomitant photobleaching of mt-KR in the outlined regions. Mitochondria became rounded and fragmented (arrowheads), and their GFP fluorescence intensity increased. Image acquisition settings were kept constant before and after KillerRed activation. (C) Morphological changes in mitochondria expressing mt-KR or mt-DsRed were quantified. *n* = 88--109 irradiated and *n* = 293--448 nonirradiated mitochondria from 12--15 transfections. \*\*\*\*, P \< 0.0001. Error bars represent means ± SEM. Bars, 5 µm.](JCB_201401070_Fig1){#fig1}

Localized depolarization of axonal mitochondria in microfluidic devices
-----------------------------------------------------------------------

Although mt-KR can restrict damage to a few mitochondria, quantitative examination of mitophagy required damage to a larger population of axonal mitochondria, while still sparing the majority of mitochondria in a neuron. To this end, we took advantage of microfluidic local perfusion chambers ([@bib53]). Fluidic isolation of compartments in these devices allows for the selective pharmacological manipulation of a subset of axonal mitochondria. Hippocampal neurons were plated in the somal compartment and extended axons through two sets of 200-µm-long microgrooves that were separated by a 100-µm-long perfusion chamber ([Fig. 2 A](#fig2){ref-type="fig"}).

![**Localized depolarization of axonal mitochondria in microfluidic devices.** (A--C) Neurons were plated in the somal chamber (A), and axons grew through two sets of 200-µm microgrooves intersected by a 100-µm-long perfusion channel (B) and enlarged areas in C. Addition of 40 µM Antimycin A (Ant A) to the perfusion channel (box 2) decreased mitochondrial TMRM staining in that chamber, whereas mitochondria in the proximal and distal microgrooves (boxes 1 and 3) remained polarized. (D) Relative TMRM intensity, normalized to *t* = 0, as a function of time after addition of Antimycin A. The change in TMRM intensity is statistically significant only in the perfusion chamber. \*\*\*, P \< 0.001 by linear regression analysis; *n* = 4 microfluidic devices. Error bars represent means ± SEM. Bars: (A and B) 50 µm; (C) 20 µm.](JCB_201401070_Fig2){#fig2}

The ionophore CCCP is frequently used in cell lines to activate mitophagy; however, it is highly toxic to neurons. We therefore used Antimycin A, an inhibitor of respiratory complex III ([@bib47]), to impair mitochondria. Antimycin A induces mitochondrial ROS production in nonneuronal cells ([@bib48]) and depolarizes neuronal mitochondria ([@bib9]). Applying 40 µM Antimycin A to the perfusion chamber decreased tetramethylrhodamine, methyl ester (TMRM) intensity, a measure of mitochondrial membrane potential, to 57% of its initial value within 8 min ([Fig. 2, B--D](#fig2){ref-type="fig"}). Loss of TMRM intensity was less prominent in thickly bundled axons, presumably as a result of limited access of the drug ([Fig. 2, B and C](#fig2){ref-type="fig"}). TMRM fluorescence did not change in axons within the grooves leading to or from the perfusion chamber. Thus, mitochondrial depolarization could be restricted to the perfusion chamber.

Mito-KR activation and Antimycin A cause axonal mitochondria to colocalize with autophagosomes
----------------------------------------------------------------------------------------------

It has been reported that damaged mitochondria move retrograde toward the soma, presumably, to undergo mitophagy there ([@bib32]; [@bib9]). However, our observations of mitochondrial motility arrest ([@bib58]) and the accumulation of aged mitochondrial proteins in distal processes ([@bib16]) argue against this model. In addition, a recent study has shown autophagosome formation in distal regions of undamaged neurons in culture ([@bib30]). To determine whether damaged mitochondria in distal axons could locally recruit autophagosomes, we expressed the autophagosome marker GFP-LC3 along with mt-KR in hippocampal neurons. GFP-LC3 is a cytosolic protein, but upon induction of autophagy, it gets lipidated and incorporated into autophagosomes forming distinct puncta ([@bib33]). Mitochondrially targeted BFP (mt-BFP) was also expressed to mark mitochondria. After activation of mt-KR, we observed GFP-LC3 accumulation on mitochondria, indicating the formation of mitochondrion-containing autophagosomes ([Fig. 3, A and B](#fig3){ref-type="fig"}). In some instances, the autophagosomal mitochondrion eventually disappeared, presumably, as a result of the formation of autolysosomes. Our findings establish that the initial stages of mitophagy, specifically colocalization with LC3-positive autophagosomes, can occur locally in axons.

![**Damaged axonal mitochondria colocalize with autophagosomes.** (A--D) Cyan and white arrowheads denote GFP-LC3--positive autophagosomes colocalizing with mitochondria. (A) Within the outlined laser-illuminated region of activated mt-KR, one mt-BFP--labeled mitochondrion colocalized with a GFP-LC3--positive autophagosome; the BFP signal from the engulfed mitochondrion was present 20 min after illumination but disappeared by 40 min, even though the autophagosome was present. In the insets are the merged images for the engulfed mitochondrion. (B) Line scan analysis of A. (C) GFP-LC3--positive autophagosomes formed on mitochondria depolarized with 40 µM Antimycin A (Ant A) in the perfusion chamber of a microfluidic device. (D) Line scan analysis of C. Here and subsequently, orange and brown arrowheads denote corresponding points in images and line scans, and mitochondria marked with cyan arrowheads correspond to similarly marked peaks in line scans. (E) Frequency of autophagosome formation before and after Antimycin A or mock treatments. *n* = 182--244 mitochondria from four microfluidic devices per condition. Here and in subsequent graphs, each point represents the average percentage of positive mitochondria for a single microfluidic chamber. \*, P \< 0.05. Error bars represent means ± SEM. AU, arbitrary unit. Bars, 5 µm.](JCB_201401070R_Fig3){#fig3}

To further examine initiation of mitophagy, we turned to microfluidic devices and sparsely transfected neurons with GFP-LC3 and mt-DsRed so that individually labeled axons could be visualized before and after depolarization of mitochondria with Antimycin A ([Fig. 3, C and D](#fig3){ref-type="fig"}). 40 µM Antimycin A increased the fraction of mitochondria colocalized with distinct GFP-LC3 puncta from 5 to 20% (P \< 0.05; [Fig. 3 E](#fig3){ref-type="fig"}). This percentage represents the maximum fraction of GFP-LC3--positive mitochondria observed at any single point during imaging. Because of the asynchronous rate of autophagosome formation and degradation, the integrated sum of all the mitochondria engulfed by autophagosomes is likely to be higher. In mock experiments in which the solution in the perfusion chamber did not contain Antimycin A, there was no increase in the percentage of mitochondria positive for GFP-LC3 (P = 1; [Fig. 3 E](#fig3){ref-type="fig"}). The accumulation of GFP-LC3 at mitochondrial sites was not an artifact as a result of possible local axon swelling because cytoplasmic EGFP did not accumulate in the vicinity of mitochondria after either mt-KR activation or Antimycin A treatment (Fig. S1, B--E). Axonal morphology was also unaffected by the accumulation of RFP-LC3 on depolarized mitochondria (Fig. S1, D and E). We therefore conclude that mitophagy of damaged mitochondria is initiated in distal axons.

Axonal lysosomes colocalize with autophagosomes containing damaged mitochondria
-------------------------------------------------------------------------------

Degradation of autophagosomal cargoes requires fusion of autophagosomes with lysosomes to form autolysosomes ([@bib61]), and it was suggested that autophagosomes would have to translocate to neuronal soma to fuse with lysosomes ([@bib9]). Imaging of GFP-LC3 puncta in distal axons treated with Antimycin A ([Fig. 3, C--E](#fig3){ref-type="fig"}) indicated that 76% of nonmitochondrial autophagosomes were mobile, whereas only 13% of mitoautophagosomes moved; local autolysosome formation therefore appeared likely. To examine endogenous lysosome distribution, dissociated hippocampal neurons were immunostained for LAMP1, a late endosome/lysosome marker. We observed numerous LAMP1-positive vesicles in axons ([Fig. S2 A](http://www.jcb.org/cgi/content/full/jcb.201401070/DC1){#supp2}). Expression of YFP-tagged LAMP1 indicated that 40% of axonal lysosomes were motile and moved bidirectionally (Fig. S2, B and C) as previously observed ([@bib30]).

To determine whether these lysosomes would be recruited to autophagosomes containing mitochondria, hippocampal neurons were plated in microfluidic devices and sparsely transfected with mt-BFP, RFP-LC3, and LAMP1-YFP. RFP-LC3 is more stable than GFP-LC3 and labels both autophagosomes and autolysosomes ([@bib4]), accounting for frequent double labeling of lysosomes with both LAMP1-YFP and RFP-LC3. 50 min after application of Antimycin A to the perfusion chamber, the fraction of axonal mitochondria colocalizing with RFP-LC3--positive vesicles increased from 5% before treatment to 20% after (P \< 0.05; [Fig. 4, A--C](#fig4){ref-type="fig"}). Similarly, mitochondrial colocalization increased significantly with vesicles containing either LAMP1-YFP alone (from 9 to 28%, P \< 0.01) or containing both RFP-LC3 and LAMP1-YFP (from 5 to 19%, P \< 0.05). In neurons preincubated with lysosomal inhibitors (5 µM pepstatin A and 10 µM E64D) to prevent the loss of mitochondrial markers after autophagolysosome formation, 60% of mitochondria became LAMP1-YFP--positive after Antimycin A treatment (P \< 0.05; [Fig. 4 C](#fig4){ref-type="fig"}). Thus, local lysosomal degradation of mitochondria was rapid and extensive. In one example of live imaging ([Fig. 4, D and E](#fig4){ref-type="fig"}), an RFP-LC3--positive autophagosome first formed on a fragmented mitochondrion 25 min after the addition of Antimycin A. Then, a moving RFP-LC3-- and LAMP1-YFP--positive lysosome stopped at the site of the autophagosome-associated mitochondrion. 17 min later, the mitochondrial BFP signal was significantly diminished, which could indicate acidification of the autolysosome or degradation of its mitochondrial content, but was not cause by photobleaching of mt-BFP because other mitochondria in the field retained their BFP fluorescence ([Fig. 4, F and G](#fig4){ref-type="fig"}). Thus, mobile axonal lysosomes are recruited to autophagosomes to mediate local degradation of their damaged mitochondrial content.

![**Axonal lysosomes are recruited to autophagosomes containing damaged mitochondria.** (A) RFP-LC3 and LAMP1-YFP--positive autolysosomes colocalize with mitochondria depolarized with 40 µM Antimycin A (Ant A). Arrowheads (cyan in the top axon and white in the bottom axon) denote LC3- and LAMP1-positive mitochondria. (B) Line scan analysis of the upper axon in A. Peaks marked by arrowheads correspond to those with cyan arrowheads in A. (C) Frequency of mitochondrial colocalization with autophagosome and lysosome markers before and 50 min after Antimycin A addition to neurons with or without preincubation with lysosomal inhibitors Pepstatin A and E64d. *n* = 98--171 mitochondria from five microfluidic devices. \*, P \< 0.05; \*\*, P \< 0.001. (D and E) Time-lapse images starting 25 min after application of Antimycin A depict an RFP-LC3--positive autophagosome (red arrowheads) forming on a fragmented mitochondrion (cyan arrowheads). A moving LAMP1-YFP--positive lysosome (green arrowhead) stopped at the mitochondrion, and the mitochondrial signal subsequently diminished. (F and G) Neighboring mitochondria imaged in the same field as D retained their BFP signal. Orange and brown arrowheads denote corresponding points in images and line scans. Error bars represent means ± SEM. AU, arbitrary unit. Bars, 5 µm.](JCB_201401070R_Fig4){#fig4}

Axonal mitophagy requires Parkin recruitment to axonal mitochondria
-------------------------------------------------------------------

In nonneuronal cells, mitochondrial depolarization causes recruitment of Parkin from the cytoplasm to the mitochondrial outer membrane where it promotes the onset of mitophagy ([@bib34]; [@bib17]). In neurons, Parkin translocation has been reported in the cell bodies of neurons treated with CCCP or valinomycin ([@bib45]; [@bib9]) but was not observed in axons treated with CCCP ([@bib54]; [@bib9]). We, in contrast, had observed accumulation of Parkin on axonal mitochondria in response to global depolarization with Antimycin A ([@bib58]). Because axonal Parkin recruitment might be obscured by either overexpression of YFP-Parkin in the cytosol, excessively toxic exposure to CCCP, or failure to observe the recruitment before rapid mitophagy, we reexamined the question with locally restricted and near-physiological levels of mitochondrial damage 20 min after irradiation of mitochondria expressing mt-KR and mt-BFP with 555 nm of light. When expressed at high levels, YFP-Parkin localizes to mitochondria and arrests their motility even in the absence of mitochondrial damage ([@bib58]). At low levels, however, YFP-Parkin was diffuse in the axonal cytoplasm with only minor enrichment on a few mitochondria ([Fig. 5, A and B](#fig5){ref-type="fig"}). After activation of mt-KR, YFP-Parkin accumulated on 10% of the targeted mitochondria that were previously Parkin negative ([Fig. 5, A, B, and E](#fig5){ref-type="fig"}). This recruitment was caused by ROS production by mt-KR; only 3% of mitochondria were Parkin positive after equivalent irradiation of mt-DsRed (P \< 0.01; [Fig. 5, C--E](#fig5){ref-type="fig"}). Thus, local damage to a small subset of axonal mitochondria is sufficient to recruit Parkin selectively to the affected population.

![**Parkin is recruited to axonal mitochondria damaged with mt-KR.** (A) YFP-Parkin accumulates on a fraction of axonal mitochondria in the outlined area of mt-KR activation. (B) Line scan of the axon in A with cyan arrowheads marking two YFP-Parkin--positive mitochondria. (C and D) YFP-Parkin remained diffuse despite irradiation in the outlined area when mt-DsRed replaced mt-KR. Mitochondria with YFP-Parkin levels more than twice the background were scored as Parkin-positive here and in subsequent figures. Orange and brown arrowheads denote corresponding points in images and line scans. (E) Frequency of YFP-Parkin recruitment to irradiated mitochondria. *n* = 131--140 mitochondria from 12 transfections. \*\*, P \< 0.001. Error bars represent means ± SEM. AU, arbitrary unit. Bars, 5 µm.](JCB_201401070_Fig5){#fig5}

To further examine the accumulation of Parkin on distal axonal mitochondria, we also used microfluidic devices with neurons transfected with mt-DsRed and YFP-Parkin. Depolarization of mitochondria with 40 µM Antimycin A led to substantial recruitment of YFP-Parkin to axonal mitochondria ([Fig. 6, A and B](#fig6){ref-type="fig"}); within 20 min, the percentage of Parkin-positive mitochondria increased from 5 to 40% (P \< 0.05; [Fig. 6 E](#fig6){ref-type="fig"}). In mock experiments in which the perfusion chamber did not contain Antimycin A, there was no increase in YFP-Parkin--positive mitochondria (P = 0.2; [Fig. 6 E](#fig6){ref-type="fig"}).

![**Parkin recruitment by Antimycin A and Veratridine.** (A--D) Exposing axonal segments to 40 µM Antimycin A (Ant A; A and B) or 250 nM Veratridine (C and D) led to recruitment of YFP-Parkin to mitochondria (cyan arrowheads). Orange and brown arrowheads denote corresponding points in images and line scans. (E) Frequency of YFP-Parkin recruitment. *n* = 59--98 mitochondria from four microfluidic devices per condition. \*, P \< 0.05. Error bars represent means ± SEM. AU, arbitrary unit. Bars, 5 µm.](JCB_201401070_Fig6){#fig6}

Neither mt-KR nor Antimycin A recruited Parkin to all the targeted mitochondria. Indeed, activation of mt-KR resulted in loss of membrane potential in 45% of mitochondria, but only 16% of those acquired YFP-Parkin ([Fig. S3 A](http://www.jcb.org/cgi/content/full/jcb.201401070/DC1){#supp3}). Similarly, some but not all of the Antimycin A--depolarized mitochondria became Parkin positive (Fig. S3, B and C). Thus, loss of membrane potential is not sufficient to guaranty initiation of mitophagy, and other factors, including Parkin availability, may be limiting.

In several neurological diseases, such as PD, excessive neuronal firing is closely associated with neurodegeneration, and excitotoxicity-related increases in intracellular calcium can lead to ROS production and mitochondrial damage ([@bib3]). Therefore, we asked whether excitotoxic damage can trigger axonal mitophagy. Veratridine, an activator of voltage-gated sodium channels, was applied to axons to increase firing and intracellular calcium ([@bib10]). Indeed, YFP-Parkin rapidly accumulated on 39% of mitochondria in the Veratridine-exposed region (P \< 0.05; [Fig. 6, C--E](#fig6){ref-type="fig"}). Therefore, a stimulus that mimics a pathological insult also triggers activation of the Parkin pathway.

The recruitment of expressed Parkin to axonal mitochondria raised the question of whether endogenous Parkin was required for damage-induced mitophagy. We therefore compared mitophagy in hippocampal axons of *Parkin^+/+^* and *Parkin^−/−^* mice ([@bib19]). In microfluidic chambers, GFP-LC3 was coexpressed with mt-DsRed to monitor autophagosome formation. In *Parkin^+/+^* axons, the fraction of mitochondria colocalizing with GFP-LC3--positive autophagosomes increased from 4% before to 33% after 35 min of Antimycin A treatment in the perfusion chamber (P \< 0.05; [Fig. 7, A, B, and E](#fig7){ref-type="fig"}). In contrast, in *Parkin^−/−^* axons, Antimycin A did not increase mitochondrial colocalization with autophagosomes (P = 1; [Fig. 7, C--E](#fig7){ref-type="fig"}). Damage-induced mitophagy could be rescued in *Parkin^−/−^* axons by expressing mCherry-Parkin ([Fig. S4 A](http://www.jcb.org/cgi/content/full/jcb.201401070/DC1){#supp4}). Thus, depolarization-induced initiation of mitophagy in neuronal axons both triggers Parkin recruitment and requires Parkin. We also examined damage-induced mitochondrial fragmentation and found that treatment with Antimycin A for 20 min caused a significant decrease in mitochondrial size in both *Parkin^+/+^* and *Parkin^−/−^* axons (P \< 0.01; [Fig. 7 F](#fig7){ref-type="fig"}). We conclude that Parkin is not required for the remodeling of depolarized mitochondria, only for the subsequent recruitment of the autophagosome.

![**Initiation of axonal mitophagy requires Parkin.** (A and B) GFP-LC3--positive autophagosomes (white and cyan arrowheads) form on mitochondria of *wild-type* (*Parkin^+/+^*) axon segments treated with 20 µM Antimycin A (Ant A). Cyan arrowheads point to mitochondria in the axon analyzed in B. (C and D) In *Parkin^−/−^* axons, mitochondria did not acquire autophagosomes. Orange and brown arrowheads denote corresponding points in images and line scans. (E) Frequency of autophagosome formation axons before and after Antimycin A. *n* = 104--106 mitochondria from four to five microfluidic devices per genotype. (F) Quantification of mitochondrial size before and after 20 min of 20 µM Antimycin A treatment indicates that damage-induced mitochondrial remodeling is Parkin independent. The sizes of the fragmented mitochondria may be overestimates because of the limited resolution of the microscope. *n* = 76--99 mitochondria from four to five microfluidic devices per genotype. \*, P \< 0.05; \*\*, P \< 0.001. Error bars represent means ± SEM. AU, arbitrary unit. Bars, 5 µm.](JCB_201401070_Fig7){#fig7}

Parkin and LC3 recruitment of damaged axonal mitochondria requires PINK1
------------------------------------------------------------------------

Genetic studies have indicated that PINK1 acts upstream of Parkin in the regulation of mitochondrial integrity ([@bib12]; [@bib38]), and stabilization of PINK1 on the outer mitochondrial membrane is essential for Parkin recruitment in nonneuronal cells ([@bib17]; [@bib35]) and cell bodies of induced pluripotent stem cell--derived neurons ([@bib45]). Similarly, PINK1 is required for basal turnover of mitochondrial respiratory chain subunits in *Drosophila melanogaster* ([@bib56]). However, in the cell types examined so far, PINK1 undergoes continuous synthesis and rapid degradation in the absence of mitochondrial depolarization ([@bib35]). Because axonal transport can require days or weeks, it was uncertain whether this mechanism could pertain to distal axons. We therefore examined whether PINK1 is required for recruitment of Parkin and autophagosome membranes to axonal mitochondria. Axons of hippocampal neurons from *PINK1^+/+^* and *PINK1^−/−^* rats were treated with 40 µM Antimycin A in the perfusion chamber. In *PINK1^+/+^* axons, the percentage of YFP-Parkin--positive mitochondria increased from 16 to 48% after 20 min (P \< 0.05; [Fig. 8, A, B, and E](#fig8){ref-type="fig"}). In contrast, YFP-Parkin failed to accumulate on Antimycin A--treated mitochondria of *PINK1^−/−^* axons (9% before and 12% after; P = 0.5; [Fig. 8, C--E](#fig8){ref-type="fig"}).

![**Parkin recruitment to damaged axonal mitochondria requires PINK1.** (A--D) YFP-Parkin is recruited to mitochondria of *PINK1^+/+^* (A and B) but not *PINK1^−/−^* (C and D) rat hippocampal axons depolarized with 40 µM Antimycin A (Ant A). White and cyan arrowheads denote YFP-Parkin--positive mitochondria; cyan arrowheads point to mitochondria analyzed with line scans in B and D. Orange and brown arrowheads denote corresponding points in images and line scans. (E) Frequency of Parkin recruitment in the indicated genotypes before and 15 min after Antimycin A treatment. *n* = 87--101 mitochondria from four microfluidic devices per genotype. \*, P \< 0.05. Error bars represent means ± SEM. AU, arbitrary unit. Bars, 5 µm.](JCB_201401070_Fig8){#fig8}

We had previously shown that, even in the absence of mitochondrial damage, PINK1 overexpression is sufficient to cause Parkin-dependent arrest of mitochondrial motility ([@bib58]). Similarly, expression of exogenous PINK1 at high levels leads to damage-independent recruitment of Parkin to axonal mitochondria in both *PINK1^+/+^* and *PINK1^−/−^* genetic backgrounds (Fig. S4, B--E). Therefore, to rescue the recruitment of Parkin to depolarized mitochondria in *PINK1^−/−^* axons, we expressed PINK1-FLAG at low enough levels to ensure cytoplasmic localization of YFP-Parkin in the absence of mitochondrial damage. In these axons, application of Antimycin A increased the fraction of Parkin-positive mitochondria from 12 to 43% (P \< 0.05; Fig. S4, F and G; and [Fig. 8 E](#fig8){ref-type="fig"}).

We then asked whether PINK1 is similarly required for autophagosome formation on damaged mitochondria. In *PINK1^+/+^* axons, 40 µM Antimycin A increased the fraction of mitochondria colocalizing with GFP-LC3 autophagosomes from 3 to 18% (P \< 0.01; [Fig. 9, A, B, and E](#fig9){ref-type="fig"}). In *PINK1^−/−^* axons, however, there was a smaller Antimycin A--induced change in the fractions of mitochondria colocalizing with autophagosomes (from 3 to 8%), and that change did not reach statistical significance (P = 0.09; [Fig. 9, C--E](#fig9){ref-type="fig"}). This represented significantly less recruitment of GFP-LC3 autophagosomes in *PINK1^−/−^* axons compared with *PINK1^+/+^* axons (P \< 0.05). Expression of exogenous PINK1-FLAG rescued autophagosome formation on mitochondria in *PINK1^−/−^* axons. The fraction of GFP-LC3--positive mitochondria increased from 6 to 16% after Antimycin A treatment (P \< 0.05; [Fig. 9 E](#fig9){ref-type="fig"}).

![**Mitophagy of damaged axonal mitochondria is impaired in the absence of PINK1.** (A--D) GFP-LC3--positive autophagosomes form on mitochondria of *PINK1^+/+^* (A and B) but not *PINK1^−/−^* (C and D) rat hippocampal axons depolarized for 35 min with 40 µM Antimycin A (Ant A). (B and D) Cyan arrowheads denote GFP-LC3--positive mitochondria. (E) Frequency of autophagosome formation before and after Antimycin A treatment. Orange and brown arrowheads denote corresponding points in images and line scans. (F) Quantification of mitochondrial size before and after 20 min of Antimycin A treatment indicates that mitochondrial remodeling upon damage is PINK1 independent. Untreated mitochondria in *PINK1^−/−^* axons are smaller than those in *PINK1^+/+^* or PINK1-FLAG--expressing *PINK1^−/−^* axons. *n* = 108--342 mitochondria from five to nine microfluidic devices per genotype. \*, P \< 0.05; \*\*, P \< 0.001; \*\*\*\*, P \< 0.0001. Error bars represent means ± SEM. AU, arbitrary unit. Bars, 5 µm.](JCB_201401070_Fig9){#fig9}

Antimycin A decreased mitochondrial size in all three genotypes (P \< 0.001; [Fig. 9 F](#fig9){ref-type="fig"}). Despite the persistence of this morphological change, YFP-Parkin and GFP-LC3 recruitment was impaired in *PINK1^−/−^* axons, suggesting that mitochondrial accumulation of these markers is not simply caused by the altered morphology. Untreated mitochondria in *PINK1^−/−^* axons were smaller than in *PINK1^+/+^* axons as previously reported ([@bib14]), and expression of PINK1-FLAG restored the wild-type mitochondrial size in the *PINK1^−/−^* background. Our results indicate that PINK1 activates local recruitment of Parkin and initiation of mitophagy in response to mitochondrial depolarization in axons.

Discussion
==========

Most neuronal mitochondria reside in axons and dendrites, which are also energetically demanding portions of the cell. Because mitochondrial quality control is essential for the maintenance of healthy neurons, it is important to know how damaged mitochondria are cleared from these distal compartments. In particular, although mutations in PINK1 and Parkin cause neurodegeneration, their involvement in mitochondrial clearance in axons has been controversial. The PINK1--Parkin pathway is primarily characterized in nonneuronal cells, and controversy surrounds whether it plays any role in mitochondrial quality control in neuronal processes ([@bib54]; [@bib58]; [@bib9]; [@bib21]). We have now established that (a) mitophagy of damaged mitochondria occurs locally in distal neuronal axons and (b) that axonal mitophagy depends on both PINK1 and Parkin.

The study of mitochondrial quality control in neurons has been hampered by the lack of methods to induce levels of mitochondrial damage that are likely to approximate the extent of damage that might normally arise in a neuron. Other studies had previously used activation of mt-KR ([@bib63]; [@bib59]; [@bib15]) or irradiation without a photosensitizer ([@bib27]) to trigger mitophagy in nonneuronal cells. However, such methods were not applied to the sparsely distributed mitochondria in neuronal processes. Here, we used photoactivation of mt-KR to damage axonal mitochondria in a spatiotemporally controlled manner. Induction of mitochondrial damage was validated with morphological changes, such as mitochondrial fragmentation and swelling, as well as recruitment of Parkin. To damage a larger subset of axonal mitochondria, we cultured neurons in microfluidic devices that allowed local application of Antimycin A. Compared with the nonspecific ionophore CCCP, Antimycin A is a milder depolarizer and has been previously used to modulate mitochondrial motility in neurons ([@bib32]; [@bib55]; [@bib58]). Application of Antimycin A promoted rapid recruitment of YFP-Parkin to axonal mitochondria, local autophagosome formation, and lysosomal fusion, establishing axonal mitophagy as a bone fide physiological pathway. Unfortunately, antibodies are not available that can detect recruitment of endogenous Parkin in axons, and it might therefore be argued that recruitment of YFP-Parkin was a consequence of its overexpression. However, the failure of mitophagy to proceed normally in *PINK1^−/−^* rats or *Parkin^−/−^* mice indicates that the endogenous proteins are indeed necessary.

None of our protocols caused all the mitochondria to accumulate Parkin or LC3. When mt-KR was used, only a fraction of the mitochondria that were successfully depolarized acquired Parkin. Antimycin A depolarized most of the mitochondria, and yet, only 40% were scored as Parkin positive ([Fig. 6 E](#fig6){ref-type="fig"}), and 20% ([Fig. 3 E](#fig3){ref-type="fig"}) were engulfed in autophagosomes. These numbers are likely to be an underestimate because of the transient nature of mitochondrial autophagosomes, and indeed, a higher percentage of engulfed mitochondria was observed after lysosomal inhibition ([Fig. 4 C](#fig4){ref-type="fig"}). Nevertheless, in addition to depolarization, other changes in mitochondrial status may be necessary for mitophagy. The onset of mitophagy on damaged mitochondria may also be stochastic if axons can only clear a limited number of mitochondria at one time with PINK1, Parkin, or the autophagosomal machinery potentially in limiting supply. However, even restricting Antimycin A to the axonal segment within the perfusion chamber was likely to have created a greater local need for mitophagy than would arise normally in the life of the neuron.

Because the mitophagic machinery can be recruited rapidly and axonal mitochondria can lose their markers within \<1 h of their depolarization, activation of the pathway should be examined acutely, and this may explain a study that failed to observe recruitment of Parkin or mitophagy in axons after extended exposure to CCCP ([@bib9]). In addition, a Parkin-dependent pathway occurs in nonneuronal cells by which damaged mitochondrial proteins are selectively sequestered in mitochondrion-derived vesicles for degradation in lysosomes ([@bib48],[@bib49]; [@bib31]). If this pathway functions in neurons, it may augment mitochondrial maintenance beyond the autophagic pathway analyzed here.

A prevalent model has favored transport of mitochondria toward the cell body for subsequent degradation ([@bib32]). However, flux measurements in zebrafish axons indicate a bias for mitochondrial movement in the anterograde direction, suggesting that local removal of distal mitochondria must occur to maintain mitochondrial density ([@bib41]). Similarly, when neuronal mitochondria are labeled with the fluorophore MitoTimer to determine their relative age, older mitochondria fail to return to the cell body for degradation, arguing against the retrograde transport model ([@bib16]). Our present findings that axonal mitochondria accumulate Parkin and undergo local mitophagy are consistent with the latter studies. In addition, we have previously shown that depolarization arrests mitochondrial motility by triggering PINK1--Parkin-mediated degradation of Miro, a motor--adaptor protein ([@bib58]). Thus, we propose an alternative model in which acutely damaged axonal mitochondria are arrested before local mitophagy. Engulfment rather than retrograde transport of dysfunctional mitochondria would quickly isolate the organelle within the autophagosome and prevent the spread of oxidative damage during its transport.

We observed autophagosome formation along the length of the axon when mitophagy was triggered. In contrast, when mitophagy was not triggered, autophagosome biogenesis occurred primarily in axon terminals and occasionally contained mitochondria ([@bib30]). Thus, basal autophagy may serve primarily to degrade old proteins and organelles that are likely to predominate in distal axonal tips, whereas the PINK1--Parkin pathway responds to dysfunctional mitochondria anywhere along the axon.

In our study, mitoautophagosomes were largely stationary; although in agreement with previous studies ([@bib28]; [@bib30]), nonmitophagic autophagosomes were highly motile. Our observation of stationary mitoautophagosomes interestingly differs from the previous observation that moving autophagosomes can contain mitochondrial markers ([@bib30]). One possible explanation is that stationary mitoautophagosomes may be a temporary condition: if they do not fuse with a lysosome locally, they may eventually acquire the ability to move at a later time point than we imaged after acute damage. Alternatively, autophagosomes involved in basal mitochondrial turnover in growth cones may be inherently different from those formed in response to acute activation of the PINK1--Parkin pathway.

The final step of mitophagy involves of autophagosome/lysosome fusion and enzymatic degradation of the mitochondrion ([@bib64]). In the present study, we found that mitoautophagosomes can undergo local maturation into autolysosomes within axons ([Fig. 4](#fig4){ref-type="fig"}). In several instances, mitochondria within autolysosomes disappeared, suggesting lysosomal acidification or degradation. The timing of their disappearance varied but could occur as early as a few minutes after colocalization with autolysosomes. Other mitochondrial autophagosomes persisted throughout the 50 min of our imaging. The robustness of this local pathway was best demonstrated by inhibiting lysosomal degradation to capture what was otherwise a transient state. With lysosomal inhibitors, fully 60% of mitochondria became LAMP1 positive 50 min after Antimycin A. We cannot exclude the possibility that some damaged mitochondria, before or after engulfment by an autophagosome, will return to the soma, particularly from proximal regions of axons and dendrites ([@bib9]), and autolysosomes may eventually deliver their degraded content to the soma through retrograde transport. Local and rapid degradation of defective mitochondria, however, prevents further release of ROS throughout the cell.

Our results indicate that PINK1 is required for recruitment of Parkin to depolarized axonal mitochondria and initiation of mitophagy. But how is PINK1 activated in axons? In nonneuronal cells, loss of mitochondrial membrane potential stabilizes PINK1 by preventing its proteolysis ([@bib35]). If this mechanism is conserved in axons, constant turnover of PINK1 on healthy mitochondria and its rapid accumulation on damaged ones would require substantial amounts of PINK1 transported in a stabilized form or its abundant local synthesis de novo. It is not known whether sufficient *PINK1* mRNA is present in axons to support extensive turnover. Alternatively, the mechanism of PINK1 activation on damaged mitochondria in axons may differ from that which has been elucidated in nonneuronal mitochondria. Because PINK1 has emerged as a promising therapeutic target in PD ([@bib22]), understanding its axonal activation is particularly important.

Accumulation of mitochondrial damage in the brains of PD patients ([@bib26]; [@bib36]) and PD-like symptoms caused by mitochondrial drugs, such as Rotenone and MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; [@bib6]; [@bib42]), were the first lines of evidence linking mitochondrial dysfunction to the pathology of PD. The involvement of PINK1 and Parkin in regulation of mitochondrial dynamics further supports the classification of PD as a mitochondrial disease ([@bib11]; [@bib58]). Despite the fact that dopaminergic neurons are the most pathologically affected cells in PD ([@bib51]), the neuronal role of PINK1 and Parkin remained unclear. Moreover, because the preponderance of neuronal mitochondria resides within the axon and dendrites, it is the turnover and quality control of this population that is most likely to be relevant to the pathology. Indeed, efficient mitophagy might be more critical in axons than the soma because of the sparse and fragmented nature of axonal mitochondria and high local demand for ATP production. It is likely that axons and dendrites are the sites where PINK1 and Parkin mutations are most deleterious and the need to minimize oxidative stress from dysfunctional mitochondria is most acute.

Materials and methods
=====================

Constructs
----------

The following constructs were used: GFP-LC3 in pBABE-puromycin vector with a SV40 promoter (gift of S.M. Thomas, Harvard Medical School, Boston, MA), YFP-Parkin and mCherry-Parkin ([@bib34]) in pEYFP-C1 and pmCherry-C1 vectors with cytomegalovirus (CMV) promoters, PINK1-FLAG in the pcDNA3.1 vector with a CMV promoter ([@bib60]), mt-DsRed with a CMV promoter (Takara Bio Inc.), mt-GFP in the pShooter vector with a CMV promoter (gift of M. Haigis, Harvard Medical School, Boston, MA), pEGFP-N1 with a CMV promoter (Takara Bio Inc.), pKillerRed-dMito with a CMV promoter (Evrogen), and LAMP1-YFP in the pEYFP-N1 vector with a CMV promoter (plasmid 1816; Addgene; [@bib46]). mt-BFP was generated by cloning TagBFP (Evrogen) into pKillerRed-dMito to replace the KillerRed sequence.

Mice and rats
-------------

The animals used in this study were as follows: *Parkin^−/−^*, strain name B6.129S4-Park2^tm1Shn^ (exon 3 deletion), and their control mice have been previously described ([@bib19]). *PINK1^−/−^*, strain name LEH-*Pink1^tm1sage^* (26--base pair deletion in exon 4), and their control rats were of the Long--Evans hooded background (SAGE Labs). All other wild-type rats were of the Sprague--Dawley background (Charles River). Data for each genotype were obtained from embryos of three or more pregnant females.

Neuronal cell culture
---------------------

Hippocampal neurons from embryonic day 18 mouse or rat embryos were dissected and dissociated as previously described ([@bib37]). In brief, animals were euthanized with CO~2~, and embryos were removed from the abdomen. Hippocampi were dissected from embryo heads, placed in chilled dissociation medium (Ca^2+^-free HBSS with 100 mM MgCl~2~, 10 mM kynurenic acid, and 100 mM Hepes), and enzymatically dissociated with Papain/[l]{.smallcaps}-cysteine (Worthington Biochemical Corporation). Trypsin inhibitor (Sigma-Aldrich) was added, and tissue was titrated with a 5-ml pipette until clumps disappeared. Neurons were resuspended in Neurobasal medium supplemented with B27 (Gibco/Life Technologies), [l]{.smallcaps}-glutamine, and penicillin/streptomycin and plated at a density of 5 × 10^4^/cm^2^ on acid-etched coverslips coated overnight with 20 µg/ml poly-[l]{.smallcaps}-ornithine (Sigma-Aldrich) and 3.5 µg/ml laminin (Invitrogen/Life Technologies). Cultures were maintained in the aforementioned Neurobasal medium. 4--5-d in vitro (DIV) hippocampal neurons were transfected with Lipofectamine 2000 (Invitrogen) and imaged 2--3 d later.

TCND200 or TCND500 microfluidic devices (Xona Microfluidics) were nonplasma bonded on coverslips coated overnight with 20 µg/ml poly-[l]{.smallcaps}-ornithine or poly-[l]{.smallcaps}-lysine. Dissociated hippocampal neurons were pelleted at 400 *g* for 2--3 min, resuspended at a final concentration of 4 × 10^4^/µl in Neurobasal medium supplemented with [l]{.smallcaps}-glutamine and penicillin/streptomycin, plated into one of the somal compartments at a density of 5 × 10^6^/cm^2^, and cultured as previously described ([@bib52]).

For some experiments, dissociated PINK1^−/−^ rat hippocampal neurons and their controls were frozen before use, stored at −140°C, and then thawed and plated in TCND200 devices at a density of ∼5 × 10^6^/cm^2^ according to manufacturer's protocol (KeraFAST). We did not observe any differences in the behavior of mitochondria in these previously frozen neurons from those that were plated directly after dissection.

Live imaging of neurons in microfluidic devices
-----------------------------------------------

Neuronal medium in microfluidic chambers was replaced with Hibernate E medium (BrainBits) and maintained at 37°C in an environmental chamber during the course of imaging. The medium in the perfusion chamber of a TCND200 device was replaced with Hibernate E containing Antimycin A (Enzo Life Sciences) at a concentration of 40 µM for rat neurons or 20 µM for mouse neurons (a lower concentration was used because mouse neurons were more sensitive to mitochondrial damage). Live imaging of YFP-, GFP-, DsRed-, and BFP-tagged markers was performed on a confocal microscope (Eclipse Ti; Nikon) equipped with an electron-multiplying charge-coupled device camera (C9100; Hamamatsu Photonics) using a 60×/NA 1.45 oil immersion lens and Volocity software (PerkinElmer). Images were captured every 1 min for a maximum of 60 min. All acquisition settings, including detector sensitivity and camera exposure time, were kept constant during imaging.

For TMRM labeling, 6--7 DIV hippocampal neurons were incubated with 20 nM TMRM (Invitrogen) in neuronal culture medium at 37°C for 20 min and imaged in Hibernate E medium containing 5 nM TMRM ([@bib55]). Loss of mitochondrial membrane potential was induced by adding to the perfusion chamber Hibernate E containing 40 µM Antimycin A in addition to 5 nM TMRM.

To induce excitatory stress, 9 DIV rat hippocampal neurons were treated with 250 nM Veratridine (Sigma-Aldrich) in the perfusion chamber for 10 min, and YFP-Parkin recruitment was quantified. To inhibit lysosomal degradation of damaged mitochondria, neurons were incubated with lysosomal inhibitors---5 µM Pepstatin A (Sigma-Aldrich) and 10 µm E64D (Sigma-Aldrich)---for 3--4 h before live imaging and Antimycin treatment.

Time-lapse videos of LAMP1-YFP in the axons of hippocampal neurons plated in TCND500 devices were acquired as described above. Images were collected every 2--3 s for a maximum of 2 min. 100 µm of an axon, ∼500 µm away from the cell body, was selected for analysis. Kymographs were generated from the time-lapse videos and analyzed with a custom-made ImageJ macro Kymolyzer ([Supplemental material](http://www.jcb.org/cgi/content/full/jcb.201401070/DC1){#supp5}; National Institutes of Health; [@bib40]).

mt-KR activation
----------------

Before imaging, hippocampal neurons expressing mt-KR were protected from light to prevent inadvertent ROS production and apoptosis. Imaging was performed in HBSS buffer (Invitrogen) lacking antioxidants to enhance the effects of ROS produced by activated mt-KR. Hippocampal neurons could not be maintained in HBSS buffer longer than 1 h, and therefore, to visualize the formation of GFP-LC3--positive autophagosomes, Hibernate E buffer was used at the expense of lowering the efficiency of ROS production. To monitor mitochondrial membrane potential, immediately after mt-KR activation, neurons were incubated for 10 min with 20 nM TMRM in HBSS. Petri dishes containing coverslips were maintained at 37°C on a temperature-controlled stage (Heating Insert P; PeCon GmbH). Images of YFP-, GFP-, DsRed-, and BFP-tagged markers were collected on a confocal microscope (LSM 700; Carl Zeiss) equipped with photomultiplier tubes (R6357; Hamamatsu Photonics) and ZEN 2009 software (Carl Zeiss) using 63×/N.A.0.90 water IR-Achroplan objective (Carl Zeiss). To activate mt-KR, three to four mitochondria were selected in a region of interest and scanned with a 555-nm, 10-mW laser (Carl Zeiss) at 100% output 20--30× with a dwell time of 100 µs/pixel. The total length of irradiation for each region of interest did not exceed 5 min. On average, 10--12 mitochondria were bleached in three separate regions of interest in a single field of view. All acquisition settings, including detector sensitivity and camera exposure time, were kept constant during imaging.

Immunocytochemistry
-------------------

Rat hippocampal neurons 5--7 DIV were fixed with 2.5% paraformaldehyde/PBS for 10 min, permeabilized with PBS containing 0.5% saponin for 1 h at room temperature, blocked with the permeabilization buffer + 1% BSA for 1 h, and incubated with mouse monoclonal anti-LAMP1 primary antibody (LY1C6; EMD Millipore) at 1:500 overnight at 4°C ([@bib50]; [@bib18]). After three washes with PBS, the coverslips were incubated for 1 h at room temperature with Cy5-AffiniPure goat secondary antibody (Jackson ImmunoResearch Laboratories, Inc.) at a 1:500 dilution.

Quantification of Parkin and LC3 recruitment to mitochondria
------------------------------------------------------------

To assess the accumulation of Parkin on mitochondria before and after 15--20 min of Antimycin A (or mock) treatment, plots of fluorescence intensity versus distance along the axon were generated for both DsRed (mitochondria) and YFP (Parkin) channels using the line scan function of ImageJ software ([@bib44]). A mitochondrion was considered Parkin positive when the relative intensity of the corresponding YFP-Parkin peak was at least twice that of the neighboring peaks. Image acquisition settings were kept constant before and after Antimycin A treatment, and analysis was performed on raw images in which brightness and contrast were adjusted identically before and after image sets. Similar analysis of Parkin accumulation was performed before and within 20 min of mt-KR or mt-DsRed activation using BFP (mitochondria) and YFP (Parkin) channels to generate line scans.

Formation of GFP-LC3 autophagosomes on mitochondria was quantified as follows: In *Parkin^+/+^* and *Parkin^−/−^* mouse hippocampal axons, the number of mitochondria colocalizing with GFP-LC3--positive puncta was counted before and 35 min after application of Antimycin A. In rat hippocampal axons, the rate of formation of GFP-LC3--positive autophagosomes was variable across different axons in different experiments. Therefore, the number of mitochondria colocalizing with GFP-LC3--positive puncta was counted before and every 5 min (≤50 min) after application of Antimycin A. The maximum percentage of LC3-positive mitochondria within 50 min was taken to represent the percentage of LC3-positive mitochondria after damage. Mock experiments, without Antimycin A treatment, were similarly analyzed.

Statistical analysis
--------------------

All data are expressed as the means ± SEM. Statistical analysis and graphing were performed with Prism 6.0 for Mac OS X (GraphPad Software). The Mann--Whitney *U* test was used to determine the significance of differences between two conditions. P \< 0.05 was considered significant and denoted with an single asterisk, whereas P \< 0.01, P \< 0.001, and P \< 0.0001 are denoted with two, three, and four asterisks, respectively. In [Fig. 2 D](#fig2){ref-type="fig"}, the linear regression test was used to determine whether the slope of TMRM intensity over time was significantly different from 0.

Online supplemental material
----------------------------

Fig. S1 shows that irradiation of mt-DsRed does not damage mitochondria, and mitochondrial damage does not cause axonal swelling. Fig. S2 demonstrates the presence of stationary and mobile lysosomes in axons. Fig. S3 shows the recruitment of Parkin to a subset of depolarized mitochondria. Fig. S4 shows rescue of mitophagy in *Parkin^−/−^* and *PINK1^−/−^* axons by expression of Parkin and PINK1. A ZIP file is also provided that includes the source code for the Kymolyzer ImageJ macros used for generation of kymographs and determination of particle motility parameters. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201401070/DC1>. Additional data are available in the JCB DataViewer at <http://dx.doi.org/10.1083/jcb.201401070.dv>.
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